Recent genome-wide association studies indicate that a simple alteration of Leucine-rich repeat kinase 2 (LRRK2) gene expression may contribute to the etiology of sporadic Parkinson's disease (PD). However, the expression and regulation of LRRK2 protein in the sporadic PD brains remain to be determined. Here, we found that the expression of LRRK2 protein was enhanced in the sporadic PD patients using the frontal cortex tissue from a set of 16 PD patients and 7 control samples. In contrast, no significant difference was detected in the level of LRRK2 mRNA expression between the control and PD cases, suggesting a potential post-transcriptional modification of the LRRK2 protein expression in the sporadic PD brains. Indeed, it was identified that microRNA-205 (miR-205) suppressed the expression of LRRK2 protein through a conservedbinding site at the 3 ′ -untranslated region (UTR) of LRRK2 gene. Interestingly, miR-205 expression was significantly downregulated in the brains of patients with sporadic PD, showing the enhanced LRRK2 protein levels. Also, in vitro studies in the cell lines and primary neuron cultures further established the role of miR-205 in modulating the expression of LRRK2 protein. In addition, introduction of miR-205 prevented the neurite outgrowth defects in the neurons expressing a PD-related LRRK2 R1441G mutant. Together, these findings suggest that downregulation of miR-205 may contribute to the potential pathogenic elevation of LRRK2 protein in the brains of patients with sporadic PD, while overexpression of miR-205 may provide an applicable therapeutic strategy to suppress the abnormal upregulation of LRRK2 protein in PD.
INTRODUCTION
Parkinson's disease (PD) is a devastating neurodegenerative disorder, pathologically characterized by a preferential loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and the presence of intracytoplasmic inclusions namely Lewy bodies and Lewy neurites in neurons (1) .
While the loss of DA neurons takes place in the SN, other brain regions, including the frontal cortex, develop Lewy bodies (2 -5) . An increasing number of genetic mutations have been identified as the genetic causes of PD (6) , in which multiple missense mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene have been found to cause an autosomal-dominant form of familial PD (7, 8) . In addition to the familial mutations, recent genome-wide association studies (GWAS) reveal that the LRRK2 gene locus is a genetic risk factor for the more common sporadic PD (9, 10) , indicating a potential alteration of LRRK2 expression in the etiology of sporadic PD. In line with this notion, our previous studies in the PD mouse model demonstrate that overexpression of LRRK2 accelerated a-synuclein-mediated neurodegeneration, while inhibition of LRRK2 expression ameliorated asynuclein-induced neuropathology (11) . These earlier genetic and transgenic studies raise the question of whether the level of LRRK2 protein expression is elevated in the brains of patients with sporadic PD, and then how the expression of LRRK2 protein is regulated.
MicroRNAs (miRNAs) are evolutionarily conserved small non-protein-coding transcripts that bind to partially complementary sites in the 3 ′ -untranslated region (3 ′ -UTR) of target messenger RNAs (mRNAs), and thereby control the translation of their target gene (12) . A number of miRNAs have been associated with neuronal development, synaptic plasticity, memory formation and neurodegenerative diseases in the nervous system through regulating the translation of targeted genes (13, 14) . In particular, miR-133b has been indicated in the development of midbrain DA neurons (15) . MiR-7 represses the expression of a-synuclein protein, and protects against a-synuclein-mediated cytotoxicity (16) . Meanwhile, a recent report shows that LRRK2 is actively involved in the miRNA processing (17) . However, there is no report on the miRNA modulating LRRK2 protein expression in PD brains. Here, we examined the level of LRRK2 protein and LRRK2-targeting miRNAs in the frontal cerebral cortex of patients with sporadic PD. We found that the level of LRRK2 protein expression was significantly increased in the PD brains, whereas the level of miRNA-205 (miR-205) expression was decreased. We further demonstrated that miR-205 suppressed the expression of LRRK2 protein in the cell lines and primary neuron cultures through targeting its binding site in the 3 ′ -UTR of LRRK2 gene. Therefore, our findings suggest that miR-205 may serve as a potential biomarker in PD, and upregulation of the miR-205 level may provide a possible therapeutic avenue to inhibit LRRK2 expression in the sporadic PD.
RESULTS

The level of LRRK2 protein expression is increased in the frontal cortex of patients with sporadic PD
To investigate whether the steady-state expression of LRRK2 protein is altered in the brain of sporadic PD and sporadic PD with dementia (PDD) patients, we compared the expression level of LRRK2 protein in the frontal cortex of PD (n ¼ 8) and PDD (n ¼ 8) patients with age-matched non-pathological controls (NPCs, n ¼ 7) (Fig. 1A and B) . First, the specificity of the custom-made LRRK2 antibody (OC83A), recognizes both human and mouse LRRK2, was tested for western blot analyses (Supplementary Material, Fig. S1A -C) . The densitometry of LRRK2 bands in the human brain samples was measured and normalized to b-actin for each sample (Fig. 1C) . It was found that the expression of LRRK2 protein in the frontal cortex of PD and PDD patients was significantly upregulated compared with the NPC (P , 0.05, Fig. 1C) . Moreover, the other LRRK2 antibody, provided by the Michael J. Fox Foundation (MJFF-2 (c41-2)), was used to detect increased LRRK2 protein levels in the frontal cortex of the PD patients to confirm this result (Supplementary Material, Fig. S1D and E). As a result, enhanced LRRK2 protein expression was observed in the brain of PD patients using two different LRRK2 antibodies. Meanwhile, the levels of LRRK2 mRNA were comparable between NPC, PD and PDD cases (Fig. 1D) . Also, to check whether increased LRRK2 protein levels in the RIPA-soluble fractions of PD brains are from altered detergent solubility, we extracted proteins from the RIPA-insoluble fraction using the 2% sodium dodecyl sulfate (SDS) buffer and LRRK2 proteins were detected by western blotting analysis using an MJFF-2 polyclonal LRRK2 antibody (Supplementary Material, Fig. S1F) . As a result, we observed the LRRK2 proteins in the RIPA-insoluble fractions of human frontal cortex. In addition, the LRRK2 proteins in the RIPA-insoluble fraction showed Table S2 ). (C) LRRK2 protein levels for each sample were quantified. The LRRK2 bands of samples in the two different membranes were quantified using the 02-06 sample, loaded in both gels. NPC (n ¼ 7), PD (n ¼ 8) and PDD (n ¼ 8) cases.
* P , 0.05 compared with NPC samples. (D) A scatter graph shows the expression of LRRK2 mRNA in the frontal cerebral cortex of NPC, PD and PDD cases.
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high levels in the PD brains compared with normal brains. This indicates that the differences in LRRK2 protein levels between NPC and PD cases do not reflect altered detergent solubility. In addition to the frontal cortex, we also determined the levels of LRRK2 proteins in the striatal medium-sized spiny neurons and SNpc DA neurons of NPC and PD brain sections by immunohistochemistry using a commercial mouse monoclonal LRRK2 antibody (N138/6) that also recognizes both mouse and human LRRK2 proteins. The specificity of the N138/6 was tested using LRRK2 knockout brain extracts and sections (Supplementary Material, Fig. S2A and B) . The striatal medium-sized spiny neurons were identified by co-staining with a marker protein CTIP2 (18) . It was found that the intensity of LRRK2 immunoreactivity was significantly enhanced in the striatal neurons of PD cases compared with the NPC (n ¼ 18 neurons for NPC and 19 neurons for PD; n ¼ 4, 6 for NPC and PD cases; P , 0.001, Supplementary Material, Fig. S2C and D) . Of note, the levels of LRRK2 mRNA expression of the striatum were comparable between NPC and PD cases in quantitative real-time-PCR (qRT-PCR) analysis (Supplementary Material, Fig. S2E ).
The levels of miR-205 are downregulated in the frontal cortex of sporadic PD patients Considering that LRRK2 mRNA levels showed no significant changes in the frontal cortex of the PD and PDD patients compared with the controls (Fig. 1D) , the upregulation of LRRK2 protein expression in the frontal cortex region of patients with sporadic PD is unlikely caused by upregulated gene transcription. It was speculated that microRNAs could be responsible for the post-transcriptional regulation of LRRK2, as they suppress gene translation by binding to the specific regions within the 3 ′ -UTR of the target gene in a sequence-dependent manner (19) .
A number of putative miRNA target sites were identified in the 3 ′ -UTR of both human and mouse LRRK2 genes by silicon analysis using the TargetScan algorithm (20, 21) . We further narrowed down the conserved miRNAs across the different vertebrate species utilizing the UCSC whole-genome alignments program (http://genome.ucsc.edu). Of these, only the miR-205 targeting site, located at 103-123 bp downstream of the human LRRK2 stop codon, is conserved among human, mouse, rat, dog and other vertebrates with a high score ( Fig. 2A; Supplementary Material, Fig. S3 ).
Human miR-205 is located in chromosome 1q at position 1q32.2 and has been reported to show variable expression in a number of human carcinoma cell lines (22, 23) . To study the possibility that the expression of LRRK2 protein is regulated by miR-205, the levels of miR-205 were measured in the frontal cortex of NPC and PD cases by qRT-PCR (Fig. 2B) . Interestingly, the frontal cerebral cortex of sporadic PD patients showed significantly lower levels of miR-205 expression than the controls (n ¼ 15 for PD and n ¼ 11 for NPC, P ¼ 0.0017, Fig. 2B ), whereas no significant difference was found between the patients with PD and PDD (Fig. 2B) .
Moreover, statistically significant inverse correlation between the expression of LRRK2 protein and miR-205 was observed in the NPCs (P ¼ 0.0410,
Pearson's correlation), patients with PD (P ¼ 0.0166, R 2 ¼ 0.6933, n ¼ 7) and patients with PDD (P ¼ 0.0250, R 2 ¼ 0.6670, n ¼ 7) (Fig. 2C) . When all of the samples were combined together, a more significant inverse correlation of LRRK2 protein and miR-205 expression was found (P ¼ 0.0001 * * * , R 2 ¼ 0.5494, n ¼ 21; Fig. 2D ). To ensure the specificity of the decreased miR-205 level in PD patients, we also measured other highly scored putative miRNA expression levels in the frontal cortex of NPC, PD and PDD patients. The putative-binding sites for miR-181 and miR-19 are conserved among human, mouse, rat, dong and other vertebrates, although these two miRNA binding sites showed lower scores compared with the miR-205 binding site in the human LRRK2 3 ′ -UTR (Table 1) . Also, we checked other miRNA, miR-410, having a putative-responding site in the LRRK2 3 ′ -UTR of the human brain samples. Interestingly, miR-181 (Fig. 2E) , miR-19 ( Fig. 2F ) and miR-410 (Fig. 2G ) revealed no significant differences between the normal and PD patient brains. Only the level of miR-205 expression was remarkably downregulated in the frontal cortex of PD patients compared with NPC.
In addition to the frontal cortex, miR-205 was significantly downregulated in the striatum of patients with sporadic PD compared with controls (n ¼ 4 and 5 for NPC and PD cases, P , 0.01; Supplementary Material, Fig. S4A ). And the levels of miR-410 expression showed no difference in NPC and PD cases (Supplementary Material, Fig. S4B ). A similar inverse correlation was also observed in the striatum, although statistical significance could not be determined due to limited sample numbers (P ¼ 0.1679, R 2 ¼ 0.3420, n ¼ 7; Supplementary Material, Fig. S4C ). Together, these analyses support the hypothesis that the downregulation of miR-205 expression contributes, at least in part, to the elevation of LRRK2 protein expression in the brains of patients with sporadic PD.
Overexpression of miR-205 represses LRRK2 protein expression in vitro
To directly investigate the effect of miR-205 on LRRK2 protein expression, miR-205 precursor oligonucleotides (pre-miR-205) was transfected into the cells and the level of LRRK2 protein was analyzed by western blotting. Pre-miR is converted into mature miR by Dicer after it enters into the cells (24) . It was observed that the treatment of HEK293T cells with pre-miR-205 consistently repressed LRRK2 protein expression by 60% when compared with the cells treated with either vehicle (vcl) or a control scrambled pre-miRNA oligonucleotide (P , 0.001 versus control miRNA oligo, Fig. 3A) . As a control, a similar reduction of the LRRK2 protein expression was detected in the cells treated with LRRK2 small interference RNA (siRNA) (P , 0.001 versus control siRNA oligo, Fig. 3A ). In addition, the efficacy of miR-205 in inhibiting the expression of LRRK2 protein was investigated in the primary cultured mouse cortical neurons. A similar reduction in the LRRK2 protein level was observed after treatment with pre-miR-205 (P , 0.001 versus control miRNA oligo, Fig. 3B ). Also, in primary neuron cultures, there was a miR-205 dose-dependent reduction in LRRK2 protein levels of which 20 pmol of (Fig. 3B) . Next, to ensure whether the miR-205 affects the stabilities of LRRK2 protein and mRNA, we performed a pulse-chase experiment using cycloheximide to examine the degradation of LRRK2 protein and also carried out the qRT-PCR to measure the LRRK2 mRNA in control oligo-or miR-205 oligo-transfected HEK293 cells. As a result, no significant alterations in the stabilities of LRRK2 protein and mRNA were observed between control oligo and miR-205-transfected cells (Supplementary Material, Fig. S5A and B). We further examined the downregulation of LRRK2 protein at the cellular level using the HeLa cells transfected with a GFP-tagged pre-miR-205 expression vector (GFP-miR-205). Here, GFP was used to indicate the cells expressing exogenous miR-205. Consistent with the results from the western blot analysis, LRRK2 immunoreactivity was effectively downregulated by miR-205 in the GFP-positive cells (asterisks, Fig. 3Ca and Cb). In contrast, transfection of a control GFP-CmiR vector exhibits no effects on the signal intensity of LRRK2 protein (asterisk, Fig. 3Cc ). Moreover, this miR-205-mediated suppression of LRRK2 also showed dose-dependent result. The signal intensity of LRRK2 immunostaining was reduced but still detectable in the cell having a low-GFP level (asterisk, Fig. 3Ca ), whereas it was almost absent in the cell having a high-GFP level (asterisk, Fig. 3Cb) .
A recent study also indicates that LRRK2 may interact with the miRNA processing pathway in regulating the protein synthesis (17) . To investigate whether overexpression of wildtype or PD-related mutant LRRK2 affects the expression of miR-205, we measured the levels of miR-205 in the forebrain homogenates from 1-month-old non-transgenic (nTg), wildtype LRRK2 (wtLRRK2) overexpressing transgenic mice (CamKII-wtLRRK2) and LRRK2 G2019S mutant overexpressing transgenic mice (CamKII-G2019S) (11) . As a result, it was identified that overexpression of either WT or G2019S LRRK2 did not significantly affect the levels of miR-205 expression in the mouse brains (Fig. 3D ), indicating no regulation of miR-205 expression by enhanced LRRK2 protein levels. Next, to confirm the role of miR-205 in regulating the LRRK2 protein expression, the putative miR-205 targeting site of LRRK2 was inserted at the 3 ′ -UTR of a firefly luciferase reporter gene (pGL3-LRRK2). Then it was tested whether miR-205 affected the expression of the luciferase reporter in M17 cells. As a result, the luciferase activity of pGL3-LRRK2 was significantly decreased by co-expression of miR-205, which was also dose-dependent (P , 0.05, 0.01 versus pGL3-CXCR4 construct; Fig. 3E ). In contrast, miR-205 showed no effect on the pGL3-CXCR4 construct (negative control), which contains a chemokine receptor 4 siRNA binding site (Fig. 3E) . Moreover, the co-expression of miR-205 with pGL3 expression vector containing point mutations in the LRRK2 miR-205 targeting site (LRRK2-mUTR) displayed no reduction in the luciferase activity (Fig. 3F ). These results demonstrate that miR-205 suppresses the expression of LRRK2 protein through the direct targeting the 3 ′ -UTR of LRRK2.
MiR-205 inhibitor enhances LRRK2 protein expression
Anti-miR miRNA inhibitors (miRNA inhibitors) are designed to specifically bind to the endogenous miRNAs and inhibit their activity on endogenous targets (25) . Accordingly, it was identified that transfection of miR-205 inhibitors induced upregulation of LRRK2 protein expression in neuron cultures dose dependently. (P , 0.05 versus control oligo, Fig. 4A and B) . In addition, neuron culture co-transfected with pre-miR-205 and miR-205 inhibitor exhibits no significant change in the levels of LRRK2 protein ( Fig. 4A and B) . Also, the luciferase activity of pGL3-LRRK2 was significantly increased in the presence of the miR-205 inhibitor, whereas the negative control inhibitor and miR-29 inhibitor showed no effect on the luciferase activity (P , 0.001 versus control oligo; P , 0.001 versus control inhibitor; Fig. 4C ). Together, these results demonstrate that endogenous miR-205 is a suppressor of LRRK2 protein expression in the cells.
MiR-205 treatment rescues the R1441G LRRK2-induced impairment of neurite outgrowth
LRRK2 is involved in the early development of neuronal processes (26) . The neurons derived from transgenic mice overexpressing G2019S and Y1699C mutant forms of LRRK2 display shortened neurites and reduced primary neurite numbers. To investigate whether miR-205 has the rescue effect on the impaired neurite outgrowth induced by mutant LRRK2 expression, the miR-205 was introduced into the cultured hippocampal neurons derived from R1441G LRRK2 transgenic mice (27) . The bacterial artificial chromosome (BAC) clone used for generating the line of LRRK2 transgenic mice containing 42 kb DNA fragment downstream of the stop codon of human LRRK2, and thereby it has the miR-205 binding site within the 3 ′ -UTR of LRRK2 gene. Similar to previous observations in neurons overexpressing G2019S or Y1699C LRRK2, the neurons expressing the R1441G LRRK2 also displayed shortened neurites ( Fig. 5Ab and B ) and reduced neurite numbers ( Fig. 5Ab and C) compared with littermate controls. Interestingly, the impaired neurite outgrowth was prevented by overexpression of miR-205 (Fig. 5Ad, B and C). However, overexpression of an irrelevant miRNA (miR-29) or a negative control miRNA (ngt ctrl) failed to rescue the neurite outgrowth defects in neurons from the LRRK2 R1441G BAC transgenic mouse (Fig. 5A -C) , indicating that this rescue result is the miR-205 specific effect. 
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Also, we checked the levels of LRRK2 mRNA and protein in cultured hippocampal neurons from the LRRK2 R1441G BAC transgenic mouse after miR-205. As a result, the expression of LRRK2 mRNA showed no significant changes in the miR-205-treated neurons compared with the control oligoand miR-29 oligo-treated cells (Supplementary Material, Fig. S6A ), while the expression of LRRK2 protein was significantly downregulated by treatment of miR-205 (P , 0.01 versus R1441G + ngt ctrl, Fig. 5D and E). These data indicate that transfected miR-205 efficiently downregulated LRRK2 protein expression in the cultured neurons derived from the LRRK2 R1441G BAC transgenic mice and it showed no effects on the level of LRRK2 transcripts. Taken together, these results demonstrate that overexpression of miR-205 rescues the mutant LRRK2-induced neurite outgrowth defects through the suppression of LRRK2 protein expression.
Noticeably, miR-205-transfected nTg neurons showed a moderate increase in both the total neurite length and neurite numbers (Fig. 5Ac, B and C) . However, these changes do not reach statistical significance, despite a significant reduction of LRRK2 protein expression was observed in these neurons ( Fig. 5D and E) . These observations in miR-205-treated nTg neurons are consistent with our previous findings in LRRK2 knockout neurons, in which only a moderate increase of neurite outgrowth was found in LRRK2-deficient neurons compared with control neurons (26) .
Next, we tried to prove that the rescue effect of miR-205 on impaired neurite outgrowth in the R1441G LRRK2-expressing neurons is not the results produced by the indirect effect of miR-205. In the LRRK2 G2019S transgenic mice (CaMKII-LRRK2 G2019S), the transgene contains only the coding region of LRRK2 that lacks the miR-205 binding site (26) . Using this mouse line, the same experiments were performed with control oligo, miR-205 and miR-29. As a result, it was observed that the treatment of miR-205 showed no rescue effect on the neurite outgrowth defects in the G2019S LRRK2-expressing neurons (Supplementary Material, Fig. S6B and C) , indicating the specific rescue effect of the miR-205 on impaired neurite outgrowth in the LRRK2 R1441G BAC transgenic mouse through targeting the 3 ′ -UTR of LRRK2 gene. To further investigate whether an miR-205 inhibitor exacerbates the neurite outgrowth defect induced by R1441G LRRK2, we transfected the negative control inhibitor (ngt ctrl inh), miR-205 inhibitor (miR-205 inh), and miR-29 inhibitor (miR-29 inh) into the neurons from nTg and LRRK2 R1441G BAC transgenic mice. We found that R1441G LRRK2-expressing neurons treated with the miR-205 inhibitor showed shorter neuritis and reduced neurite numbers compared with the ngt ctrl inhibitor-and miR-29 inhibitor-treated R1441G LRRK2 neurons (Fig. 5Fd, G and H) . Interestingly, the miR-205 inhibitor revealed no effects on the nTg neurons ( Fig. 5F -H) , despite 2-fold increase in LRRK2 protein levels ( Fig. 5I and J) . These observations are consistent with our previous report that overexpression of wild-type LRRK2 had no significant effects on the development of neuronal processes when compared with littermate controls (26) . Taken together, the miR-205 inhibitor exacerbated the neurite outgrowth defect by upregulation of R1441G LRRK2 protein expression.
Mouse midbrain DA neurons display a high level of miR-205 expression
To further establish the inverse correlation between LRRK2 protein and miR-205 expression in vivo, we checked the expression of LRRK2 protein and miR-205 in the cerebral cortex, hippocampus, midbrain, striatum and cerebellum of 1-month-old mice. As a result, the LRRK2 protein was highly expressed in the cerebral cortex, striatum and cerebellum; modestly expressed in the hippocampus; and barely detectable in the midbrain (Fig. 6A and B) . Interestingly, the expression of LRRK2 mRNA was comparable in the midbrain and hippocampus regions (Fig. 6C) , suggesting a potential posttranscriptional regulation of LRRK2 protein expression in the midbrain. Consistent with this notion, we found the highest level of miR-205 expression in the midbrains of these mice (Fig. 6D) . As a negative control, the level of miR-452 expression, putative miRNA for the 3 ′ -UTR of mouse LRRK2 but not conserved among the other species, was comparable in these brain regions (Fig. 6E ). In addition, it was investigated whether the DA neurons are the main cells expressing miR-205 in the mouse midbrain region. To harvest the DA neurons, the laser capture microdissection (LCM) was performed and RNAs were extracted from isolated neurons for qRT-PCR analysis. We performed the qRT-PCR for the mRNA expressions of GFAP, TH, Vmat2 and DAT genes in isolated DA neurons and astrocytes to confirm the genetic make-up of two cell populations (Supplementary Material, Fig. S7 ). As a result, the mRNA level of GFAP, the marker gene of astrocyte, was significantly high in the astrocytes compared with DA neurons (Supplementary Material,  Fig. S7A ). In contrast, the expression of the DA neuron markers such as TH, Vmat2 and DAT was mainly observed in the nigral DA neurons but not in the astrocytes (Supplementary Material, Fig. S7B -D) . Using these samples, it was found that the expression of miR-205 in midbrain DA neurons was extremely higher compared with the astrocytes (Fig. 6F) , indicating that miR-205 is mainly expressed in the neurons of midbrain. Taken together, these results suggest that the high level of miR-205 expression may contribute to the low level of LRRK2 protein expression in the mouse midbrain region.
Because aging is a main factor contributing to the development of sporadic PD, we decided to study the aging-dependent changes of LRRK2 protein, mRNA and miR-205 expression in the midbrain regions using 1-, 9-and 18-month-old mice. As a result, a significant reduction of LRRK2 protein was detected in an age-dependent manner ( Fig. 6G and H) . Next, it was investigated whether the alteration of LRRK2 protein expression in the older mice is correlated with the change in LRRK2 mRNA levels. Consistent with previous results (28), there were no significant alterations of LRRK2 mRNA levels in the midbrain between young and old mice (Fig. 6I) . Finally, the levels of miR-205 expression in the midbrain of different 
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Human Molecular Genetics, 2013, Vol. 22, No. 3 , and the number of primary neurites (C) from neurons under different treatment conditions. Fifty to 100 neurons were analyzed per genotype per condition. * P , 0.05, * * P , 0.01 and * * * P , 0.001. (D, E) Western blot shows alteration of LRRK2 protein expression in cultured hippocampal neurons from nTg and LRRK2 R1441G pups. Three independent experiments were carried out for this study. * P , 0.05, * * P , 0.01, * * * P , 0.001. (I, J) Western blot shows LRRK2 protein levels in cultured hippocampal neurons from nTg and LRRK2 R1441G pups. Three independent experiments were carried out for this study.
* * * P , 0.001. age groups were measured using the qRT-PCR. Interestingly, it was found that the levels of miR-205 showed significantly higher expression in the midbrains of 18-month-old mice compared with the 1-month-old group (P , 0.001, Fig. 6J ). Together, these data support an inverse correlation between the expression of LRRK2 protein and miR-205 in the mouse midbrain in the aging process. It suggests that the expression of LRRK2 protein can be dynamically regulated by miR-205 in the midbrain during the normal aging.
DISCUSSION
Missense mutations in LRRK2 have been associated with both familial and sporadic forms of PD (29) . Recent GWAS further raise the possibility that a simple alteration of LRRK2 gene expression may contribute to the common sporadic PD (9, 10) . In support of this notion, here we showed that LRRK2 protein expression was significantly increased in the frontal cerebral cortex from patients with sporadic PD. Attempts have been made to examine the expression levels of LRRK2 protein in the brain of patients with familial and sporadic PD (30, 31) . However, it is difficult to draw conclusions from these early studies, because of the small sample sizes and the uncertainty of LRRK2 antibody's specificity. Here, we have characterized two LRRK2 antibodies that specifically recognized LRRK2 in the western blot and immunohistochemical analyses, in which LRRK2 knockout tissues were used as negative controls. More critically, we were able to obtain a sufficient number of wellpreserved frontal cerebral cortices of patients with sporadic PD/PDD and controls from the Sun Heath Institute (32) for LRRK2 protein expression study. Our western blot analysis demonstrated a significant increase of LRRK2 protein expression in the frontal cortex of patients with sporadic PD and PDD compared with the controls. In addition, it was detected that LRRK2 protein expression was also upregulated in the soma of striatal medium-sized spiny neurons of patients with sporadic PD by immunostaining of paraffin-embedded SNpc sections. Also, we tried to investigate the LRRK2 protein levels in the SNpc region of PD patients. Because of huge cell loss in this brain region, immunohistochemistry analysis was performed to observe anti-LRRK2 immuno-intensity in each DA neuron instead of western blot analysis. Consistent with the notion of very low LRRK2 expression in the SNpc DA neurons (28, 33) , no apparent LRRK2-positive staining was observed in the neuronal cell body of either NPC or PD cases (Supplementary Material, Fig. S8A ). Instead, more LRRK2-positive puncta were found along the processes of DA neurons in the PD cases compared with the controls (Supplementary Material, Fig. S8A and B) . Also, we further examined the cell-type distribution of LRRK2 in the brain of 1-month-old mice by immunohistochemistry using an LRRK2 N138/6 antibody. LRRK2 protein was more enriched in the soma of neurons compared with the astrocytes and microglia (Supplementary Material,  Fig. S8C ). The neurons, astrocytes and microglia were identified by co-staining with the respective marker proteins: neuronal nuclei (NeuN), glial fibrillary acidic protein (GFAP) and ionized calcium-binding adaptor molecule 1 (IBa1). This The relative expression is shown as a percentage of the mean using the cortex region as reference.
* * * P , 0.001. (F) Bar graph shows the quantification of miR-205 expression in the midbrain DA neurons and cultured primary astrocytes. In this experiment, U6 snRNA was used as a normalization control. * * * P , 0.001. (G) Western blot analysis of LRRK2 protein expression in the midbrain of 1-, 9-and 18-month-old mice. (H-J) Bar graphs show quantification of LRRK2 protein (H), mRNA levels (I) and miR-205 levels (J) in the midbrain of 1-, 9-and 18-month-old mice.
* P , 0.05, * * P , 0.01 and * * * P , 0.001.
616
Human
indicates that LRRK2 protein expression may be more contributed by neurons in the brains of NPC and PD cases. By silicon analysis of the 3 ′ -UTR of human LRRK2 gene and its vertebrate orthologs, we identified a conserved miR-205-binding site across different vertebrate species. Previous studies demonstrate that miR-205 modulates the expression of low-density lipoprotein receptor-related protein 1, a multifunctional endocytic receptor that plays essential roles in the pathogenesis of Alzheimer's disease (34) . In addition, miR-205 has been shown to be overexpressed in some types of tumors such as head and neck squamous cell carcinoma while it is significantly downregulated in the breast tumors compared with the matched normal tissue (22, 23) . These reports indicate that miR-205 may involve a variety of important biological and pathological pathways. We examined the levels of miR-205 in the frontal cerebral cortex and striatum of patients with sporadic PD and controls. We found an inverse correlation between LRRK2 protein and miR-205 expression in the brains of PD and control cases. To study the levels of LRRK2 protein and miR-205, we performed main experiments using the frontal cortex, a brain region that has the projection of DA neurons. Although the frontal cortex of PD patients shows no pronounced cell death like the SNpc region, it is still molecularly and pathologically affected in PD brains (2 -5) and shows the biochemical alterations involved in the disease process. While the SNpc region of sporadic PD is almost completely depleted of DA neurons by the time of autopsy, the frontal cortex shows no dramatic neuronal cell death. Nevertheless, the frontal cortex has the Lewy bodies during the disease. So the study with the frontal cortex of sporadic PD patients can reveal pathogenically relevant disease changes.
Next, we identified the same inverse correlation of LRRK2 protein and miR-205 expression in the mouse brain diverse regions, especially in the midbrain, in which the highest level of miR-205 expression but the lowest level of LRRK2 protein expression was observed. The expression of LRRK2 protein and miR-205 was also dynamically regulated and inversely correlated in this region between young and old mice, suggesting a potential post-transcriptional regulatory role of miR-205 in modulating the LRRK2 protein expression during aging. These findings may also suggest that the maintenance of a low level of LRRK2 expression by miR-205 is important for the function and survival of midbrain DA neurons.
Indeed, we observed that overexpression of miR-205 suppressed the expression of LRRK2 protein in both cell lines and primary neuronal cultures, and prevented the neurite outgrowth defects induced by PD-related LRRK2 R1441G expression.
However, it remains unclear how miR-205 expression is downregulated in the brains of patients with PD. A recent report indicates an involvement of DNA methylation in modulating the expression of miR205 in cancer cells (35) . Further studies on DNA methylation or other modifications of the miR-205 gene locus in the brains of patients with PD may provide the mechanistic insights into the alteration of miR-205 expression in patients with sporadic PD.
In summary, here we provide evidences of increased LRRK2 protein expression in the PD brains as a potential causative factor in the pathogenesis of sporadic PD. We further reveal a novel regulatory mechanism of LRRK2 protein expression through miR-205, and suggest that miR-205 may serve as an applicable biomarker and a therapeutic target in the sporadic PD.
MATERIALS AND METHODS
Human brain tissues
Rapidly autopsied frontal cerebral cortices (within 3 h of the postmortem interval) were obtained from the Brain and Body Donation Program of the Banner Sun Health Research Institute (32) . Striatal tissues and paraffin-embedded striatum as well as SNpc sections were obtained from the brain bank of Johns Hopkins University School of Medicine. Subjects or their legal representatives signed informed consents approved by the Banner Health and Johns Hopkins Institutional Review Boards. The diagnosis of PD was made based on the clinicopathological criteria including characteristic clinical features and on the presence of Lewy bodies within the pigmented neurons lost in the substantia nigra. Subjects with PD were divided into two groups on the basis of the presence or absence of clinically documented dementia. NPCs were selected based on the absence of cognitive impairment, Parkinsonism and Lewy bodies. Tissues of patients with autosomal recessive juvenile Parkinsonism, a relatively rare syndrome that shares many features of Parkinsonism, but without the presence of Lewy bodies or Lewy neurites, were excluded from this study. The average age at death for the PD subjects included in this study was 80 + 6.9 years old, while for the NPC subjects it was 85 + 6.6 years old (Supplementary Material, Tables S1 and S2).
Western blot analysis
Protein extracts for western blots were prepared as described previously (26) . Briefly, brain tissue or isolated cells were sonicated in RIPA buffer (Sigma, St Louis, MO, USA) in the presence of protease inhibitor cocktail, PMSF, and phosphatase inhibitor cocktails 1 and 2 (all from Sigma). Lysates were then centrifuged at 48C for 15 min at 14 000 rpm to get the supernatant of particulate and insoluble matter. For the RIPA-insoluble fraction, SDS lysis buffer (2% SDS, 10 mM EDTA, 50 mM Tris, pH 8.0 and PMSF) was added to the pellet and then sonicated. Protein concentration was determined using the bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL, USA). For western blotting, 20 mg of protein was separated by polyacrylamide gel electrophoresis using NuPage 4 -12% Bis-Tris gels (Invitrogen, Carlsbad, CA, USA) in NuPAGE MOPS SDS Running buffer (Invitrogen). To ensure efficient transfer of proteins, gels were incubated in 2 × NuPAGE transfer buffer with methanol at room temperature for 20 min. The separated proteins were then transferred to nitrocellulose using the iBlot Dry Blotting system (Invitrogen) for 7 min and incubated with specific primary antibodies.
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Antibodies
The polyclonal LRRK2 antibody (OC83A) was generated by immunization of rabbits with a histidine-tagged recombinant peptide corresponding to the residues 982-1280 of human LRRK2. The monoclonal LRRK2 antibody (N138/6) was obtained from UC Davis/NIH Neuromab Facility (Davis, CA, USA). Polyclonal antibodies (4EC9E and 4C84E) against murine LRRK2 were described previously (26) . ′ -GCTAGGAGCCAGAGCAGTAA-3 ′ . The primers for the human b-actin were purchased from SABiosciences. For qRT-PCR of miRNA, a miRCURY LNA first-strand cDNA kit (Exiqon) was used for the reverse transcription reaction, and qRT-PCR was performed using miRCURY LNA miR-205, miR-410, miR-452 and miRCURY LNA SYBR Green master mix (Exiqon) according to the supplier's instruction. U6 snRNA was used as a normalization control (Exiqon) for both human and mouse samples. The primers for the miR-181 and miR-19 were purchased from Qiagen (Valencia, CA, USA). The relative expression of miRNA was calculated by using the comparative DDC T method, also known as the 2 2DDCT method.
Laser capture microdissection (LCM) and RNA isolation
Brains of the PITX3/H2BjGFP transgenic mouse, in which the GFP is expressed in the nucleus of midbrain DA neurons, were quickly dissected out and sectioned at 16 mM thickness by cryostat. The midbrain coronal sections (from Bregma 22.92 mm to 23.88 mm) were collected consecutively onto a PAN membrane frame slide (Applied Biosystems) and stored at 2808C until the performance of LCM. The GFP-positive cells in the midbrain were isolated and captured by an ArturusXT microdissection system with fluorescent illumination (Applied Biosystems) at the following working parameters: spot size ¼ 7 mm; power ¼ 50-70 mW and duration ¼ 20 ms. After the GFP-positive neurons from the midbrain were isolated and captured onto LCM Macro Caps (Applied Biosystems), the total RNA was extracted using the PicoPure Isolation kit (Applied biosystems) following the protocol provided by the company.
Immunostaining and light microscopy
As described previously (36), mice were perfused via cardiac infusion with 4% paraformaldehyde in cold phosphate buffered saline (PBS). To obtain frozen sections, brain tissues were removed and submerged in 30% sucrose for 24 h and sectioned at 40 mm thickness with cryostat (Leica CM1950). For immunohistochemistry of human brain sections, paraffin was removed with xylene and the sections were rehydrated in graded ethanol solution. The sections were then processed by microwave to elicit heat-induced antigen retrieval (three times, 5 min at 350 W) in citrate buffer. The procedures for immunostaining were performed as described previously (11) . For immunocytochemistry assay, cells were plated on to BD BioCoat poly-D-lysine/laminin cell ware 12 mm round coverslips. For endogenous LRRK2, the cells were fixed with cold methanol for 5 min on ice, and incubated with 10% normal goat serum (Sigma-Aldrich) for 1 h at room temperature to block nonspecific staining. After washing with PBS, the cells were incubated with primary antibody (OC83A; 1:250) for 3 h at room temperature. Alexa 488-or Alexa 568-conjugated secondary antibodies (Invitrogen) were used to visualize the signals. The fluorescent images were captured using a laser scanning confocal microscope (LSM 510; Zeiss, Thornwood, NJ, USA). Paired images were collected at the same gain and offset settings.
Cell line and primary neuron culture
The human embryonic kidney cell line HEK293T and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM-high glucose) containing 10% fetal bovine serum (FBS) in a 5% CO 2 incubator at 378C. The human neuroblastoma cell line M17 was maintained in Opti-MEM medium (GIBCO BRL) with 10% FBS. Mouse primary neuron cultures were prepared from the cortex of newborn (postnatal day 0) pups, as described previously (36) . Briefly, tissues were dissociated with papain (Worthington) buffer, and the cells were plated in poly-D-lysine-coated wells in basal eagle medium (Sigma) containing B27, N2, 1 mM L-glutamine and penicillin/streptomycin (all from Invitrogen). The medium was changed every 2 days.
Constructs and transfection
The pEZX-MR01-miR205 and the miRNA scrambled control clone for pEZX-MR01 were purchased from GeneCopoeia (Germantown, MD, USA). The Cy3-labeled negative control oligonucleotides, negative control oligonucleotides, negative control inhibitor, pre-miR-205, anti-miR-205 inhibitor, pre-miR-29 and miR-29 inhibitor were purchased from Ambion (Austin, TX, USA). Small interfering RNA (siRNA) against human LRRK2 and non-targeting control siRNA were purchased from Santa Cruz Biotechnology. Lipofectamine 2000 (Invitrogen) or FuGENE HD (Roche Applied Science) was used for the transfection of cell lines, and the calcium phosphate method was used to transfect primary neuron cultures as described previously (37) . Briefly, primary neurons cultured for 10 days were transfected with DNA constructs or with a pre miRNA precursor. The DNAcalcium phosphate precipitate was incubated with neuronal cultures for 3 h and then the precipitate was dissolved by incubation in the medium pre-equilibrated in a 10% CO 2 incubator for 20 min in a 5% CO 2 incubator. The efficiency of pre-miRNA oligo transfection was determined using Cy3-labeled pre-miRNA. On average, we achieved 99% efficiency in cells and 60 -70% efficiency in neurons. The cells were used 24-48 h after transfection for western blot analysis or immunostaining.
Luciferase activity assays
The 3
′ -UTR of human LRRK2 that contains the miR-205 targeting site (5 ′ -AAATAGCTCGTGTGTATGAAGGA-3 ′ ) was subcloned into the pGL3 vector (Promega, Madison, WS, USA). The plasmid LRRK2-mUTR containing mutations of the miR-205 target site (5 ′ -AAATAGCTGCTGTGTAGGA AGTA-3 ′ ) were also generated. The resulting pGL3-LRRK2 expression construct was co-transfected with pre-miRNA and pRL-TK vector into the HEK293T cells. Luciferase activity was measured using the dual luciferase assay kit (Promega) and normalized to renila luciferase activity.
Image quantification
To quantify bands detected by western blotting, images were analyzed using Multi Gaugew (ver. 3.0, Fujifilm). For the quantitative assessment of various marker protein accumulations and distributions in the soma or nucleus, images were taken using identical settings and exported to ImageJ (NIH) for imaging analyses. Images were converted to an 8-bit color scale (fluorescence intensity from 0 to 255) using ImageJ. The areas of interest were first selected by Polygon or Freehand selection tools, and then subjected to measurement by mean optical intensities or area fractions. The mean intensity of the background area was subtracted from the selected area to determine the net mean intensity. The length of neurites was also measured using NIH ImageJ as described previously (26) . In each case, the bar graphs represent the neurite length or number of 50-100 neurons sampled from three randomly selected microscopic fields of at least two independent experiments from a person blind to the genotype of the neurons.
Statistical analysis
Data from three or more independent experiments are presented as the mean + standard error of the mean (SEM). Statistical significance was determined using Student's t-test followed by a Mann -Whitney test, Tukey-Kramer multiple comparison test or nonparametric Pearson's correlation test. Calculations were performed using GraphPad Prism software.
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